3.9.4.2 Global Model. Both forms of the Global model employ a term
which can be related to the effective path length. For the path
averaging technique (Global Prediction Model)

H
L =—

-4(D)
e=gno 'O (3.9-7)

where Rp is the point rain rate, H is the height of the 0°C isotherm,
D is the basal distance and Y and § are the path averaging factors
defined in Section 3.4. For a 45° elevation angle at a sea-level
ground station near 40°N latitude

Le = 9,14 Rp‘°-14km (3-9-8)

For the variable isotherm height form of the Global model,

1 {%UZD_1 XbeYZb xbeYDb]
- +

e

cos 61 yp Yb Yb
(3.9-9)

where the terms are defined in Section 3.4.3.2. The value of L is a
complex function of Rp since U, X, Y and Z (implicitly) are functions
of Rp.

3.9.4.3 Two-Component Model. Two effective path lengths could be
identified in the T-C Model: one for convective cellular rain and
one for debris. Differing 0°C isotherm heights are computed for the
two types of rain which form a basis for the differing effective
path lengths. The lateral modeling of rain also differs for the two
rain modes: <cellular rain effective path length must be modified to

include nearby debris contributions, whereas debris rain is assumed
to be uniform. Thus, no attempt is made to identify a single

parameter Le in the T-C Model.



3.9.4.4 CCIR Model. The CCIR Model directly employs the concept of
effective path length. The (corrected) 0°C isotherm height is used
to define the vertical extent of rain. A slant path length
reduction factor is used to adjust the physical path length through
rain to account for the horizontal non-uniformity of rain. The
resulting effective path length applies only for 0.0l1% of the time.
The attenuation predictions for other time percentages are
determined directly from the 0.0l% value, without reverting to the
path length. For this reason, the dependence of effective path
length on rain rate is obscure.

3.9.4.5 Lin Model. The Lin model utilizes two techniques for
obtaining the average path length. The first is to temporally
average the instantaneous rain rate to five minute intervals. The
effect of this averaging process in terms of the effective path
length comparison is unclear. However, as will be shown, the other
parameter agrees well with the results of other models. Specifically
Lin (1978) finds that

-1
L, = 4 [1 + 4(RP-6.2)]

sin 6 2636 sin 6
(3.9-10)
_ 2636
~ 659sin 6 + R-6.2
At 8 = 45 degrees the result is
Le = 2636(460 + Rp)-1 (3.9-11)



3.9.4.6 Simple Attenuation Model (SAM). The simple attenuation
model does not readily allow definition of a single Le parameter.

Therefore this parameter is not derived.

3.9.4.7 Experimental Measurements. Ippolito (1978) has employed
over sixty months of long term attenuation and rain rate statistics
at 11.7, 15, 20 and 30 GHz to derive an effective path length based

on experimental measures. The result is

_ 9.065
e " Tsin@

R-9-2% km (3.9-12)

for elevation angles from 20 to 90 degrees. At 45 degrees elevation

angle

Le = 12-82 Rp-o'296 (3-9-13)

3.9.4.8 Comparison of Effective Path Lengths. Assuming a ground
station at sea level, 40 degrees North latitude and observing at 45
degrees elevation angle, the Le factors are plotted in Figure 3.9-3
for the two forms of the Global model, the Lin model and the
experimental results of Ippolito (1978) and CTS results (Ippolito-
1979). The latter experimental results (labeled Lo, exp(l11.7GHz) in
Figure 3.9-3) were scaled from the 29 degree elevation angle
measurements made at Greenbelt, MD to CTS, to 45 degrees using the
ratio of the cosecants of the two angles. The original data is the
annual curve for 1977 and 1978 shown in Figure 3.9-2. This data is
the longest set of continuous, single-site effective path length
data published to date for CTS and therefore more weight should be

given this curve.
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The most important result in Figure 3.9-3 is that the use of an
effective path length between 4 and 5 kilometers is reasonable. A
significant variation occurs below 30 mm/h which may arise due to
the presence of winter rains, but this remains unproven.
Fortunately for most design problems the most accurate estimates of
effective path length are required for annual percentages in the
range from 0.01 and 0.001 percent of a year, and in this range both
the experimental and model-generated effective path lengths are
approximately 4 to 5 km. However, assuming a * 1 km error bound on
Le the error in estimating Le is about * 1dB. 1If Le is directly
related to the total attenuation, at least a * 1dB error bound must
be placed on the estimate of the path attenuation. This error bound

will increase as the elevation angle decreases.
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CHAPTER IV

DEPOLARIZATION ON EARTH-SPACE PATHS

4.1 INTRODUCTION

By using orthogonal polarizations, two independent information
channels occupying the same RF frequency band can be transmitted
over a single link. This technique is used in satellite
communications systems to effectively increase the available
spectrum. While the orthogonally-polarized-channels are completely
isolated in theory, some degree of interference between them is
inevitable, owing to less-than-theoretical performance of spacecraft
and Earth station antennas, and depolarizing effects on the
propagation path. The main sources of this depolarization at
millimeter wave frequencies are hydrometeor absorption and
scattering in the troposphere.

4.1.1 Definition of Terms

Frequency reuse satellite communications systems utilize either
orthogonal linear or circular polarization states. The orthogonal
linear polarization (LP) states are normally referred to as vertical
and horizontal, but except for Earth stations at the satellite's
longitude, the polarization directions are rotated somewhat from the
local vertical and horizontal references. The orthogonal circular
states are left-hand and right-hand circular polarization (LHCP,
RHCP), differing in the sense of rotation of the electric field
vector. The "handedness" is defined as follows: a wave is RHCP 1if
the sense of rotation of the field corresponds to the natural curl



of the fingers of the right hand when the right thumb is pointed
along the propagation direction. Likewise for LHCP. Thus a RHCP
wave coming out of the paper would have an electric field rotating

counterclockwise.

A measure of the degree of interference between the two
orthogonally-polarized channels is the crosspolarization
discrimination (denoted XPD), defined as follows: Let Ejj be the
magnitude of the electric field at the receiver that is transmitted

in polarization state i and received in the orthogonal polarization
state j (i,3j=1,2). E;; and E;2 denote the copolarized waves Ej2 and

E;; refer to the crosspolarized waves. This is illustrated in
Figure 4.1-1. XPD is the ratio (in dB) of the power in the

copolarized wave to the power in the crosspolarized wave that was
transmitted in the same polarization state.

E
XPD = 20 log =1t (4.1-1)
Ein

If state "1" is RHCP and "2" is LHCP, for example, then the XPD is
the ratio of the RHCP power to the LHCP power, given that only a
RHCP wave was transmitted.

A closely related measure is the crosspolarization isolation

(XPI), which compares the copolarized received power with the
crosspolarized power that is received in the same polarization

state:

E
XPI = 20log =1t
B2 (4.1-2)

Again letting the states "1" and "2" refer to RHCP and LHCP, the XPI
compares the power in the RHCP received wave that was transmitted as
RHCP to the power that was transmitted as LHCP. XPI is the
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parameter that is most meaningful to system engineers, since it
directly gives the carrier~to-interference ratio in a received
channel. However, XPD is the parameter that is most easily
measured. It has been shown (Watson and Arbabi-1973) that XPI and
XPD are the same if the hydrometeors responsible for the
depolarization have certain symmetry properties. The geometric
models that have been used for raindrops and ice crystals have the
necessary symmetry, so XPI = XPD in theory. In practice, it has
been found that there is not a significant difference between XPI
and XPD.

Another term used to describe depolarization, cross polarization
ratio (CPR), is the reciprocal of XPD. Other parameters in use,
e.g., crosstalk discrimination, crosspolarization distortion,
depolarization ratio, crosspolarization level, usually reduce to XPD
or XPI.

In the discussion that follows, it is often important to
distinguish between polarization properties of a wave in space, and
the parameters that we actually measure at the output of the
receiver. We shall use XPD to describe the wave properties and a
different term, Isolation (I) (after Stutzman-1977) to describe the
receiver output. In general,

. copolarized channel output power
crosspolarized channel output power

Isolation takes into account the performance of the receiver
antenna, feed, and other components as well as the propagating
medium. When this performance is close to ideal, and/or the XPD of
the wave is low (i.e. severe depolarization), then I=XPD. This will

be discussed in more detail later.

4,1.2 Hydrometeor Sources of Depclarization

The major sources of depolarization on Earth-spc e paths are
hydrometeors, ionospheric Faraday rotation, and multipath. The



predominant source at millimeter wave frequencies is hydrometeors,
and rain is the hydrometeor species that has the greatest effect.

4.1.2.1 Rain. To determine the attenuation due to rain, the
raindrops are modelled as spheres of water suspended in space. Real
raindrops are falling at their terminal velocity and, due to the
complex aerodynamic and hydrostatic forces acting on them, they are
in general not spherical. The very small drops ( 20.03 cm in
diameter) are very nearly spherical, drops in the range of about
0.03 to 0.10 cm in diameter can be considered oblate spheroids, and
drops with diameters larger than about 0.10 cm are asymmetric blobs
with flat or concave bottoms (Pruppacher and Pitter-1971).
Depolarization occurs because of this lack of spherical symmetry,
along with the tendency for the drops to have a preferred
orientation (i.e., top and bottom flattened). The effects of the
rain-filled medium on a wave propagating through it are dependent on
the orientation of the electric field vector with respect to the

preferred drop orientation.

It is easy to picture the effect of the "flattened" raindrops on
linearly polarized (LP) waves propagating horizontally: The fields
of horizontal LP waves encounter more water, on the average, than do
vertical LP wave fields, and so are subjected to more attenuation
and phase shift. An LP wave at some arbitrary orientation, say 45°
from the vertical, can be resolved into an eqguivalent set of
component waves having horizontal and vertical polarization. After
passing through the rain, the horizontal component has suffered a
greater decreased in amplitude, so the polarization direction has
been shifted toward the vertical. 1In addition, the differential
phase shift between the components has caused the wave to become
slightly elliptically polarized. These depolarizing effects of rain

are described more rigorously later.

4.1.2.2 Ice Crystals. Most of the depolarizing effect of rain is
produced by differential attenuation. Therefore rain depolarization

and attenuation are fairly well correlated. Starting in 1975, when

ATS-6 propagation experiments were well underway in Europe,



researchers were surprised to see occasions of severe depolarization
that were completely uncorrelated with rain attenuation. The cause
of this "anomalous" depolarization has since been identified as
oriented ice crystals. Ice can occur at altitudes above the
freezing level in cirrus clouds and at the tops of cumulonimbus
clouds. When something causes the ice crystal symmetry axes to
align themselves, it brings on a polarization-selective phase
effect. We are now fairly certain that the electrostatic fields
associated with electrically-active storms are at least one aligning
force. This is consistent with the observed abrupt changes in XPD

coincident with lightning flashes.

Ice depolarization has been theoretically modelled in a manner
analogous to rain depolarization. For that purpose, the ice
crystals are assumed to be either oblate or prolate ellipsoids,
corresponding respectively to “plates” and "needles," which are two
distinct types of crystals that are known to exist in clouds. The
model is in good agreement with observations and explains the rapid
changes in the phase of the crosspolarized waves that accompany
lightning flashes.

4.1.2.3 Snow, Graupel and Hail. The anisotropy that is responsible
for depolarization by rain and high-altitude ice crystals apparently
also exists in snow. From S-band and Ku-band radar measurements,
Hendry, et. al. (1976) have observed significant differential phase
shifts between the right-and left-hand CP radar returns in moderate
to heavy snow. The differential phase shift along the propagation
path was found to vary between 0.16° and 1.17° per km at 16.5 GHz,
values comparable to that of moderate rainfall. Unlike rain,
however, snow produces very little differential attenuation. The
differential phase shift in snow should produce measureable
depolarization on Earth-space paths, but little or no direct
experimental evidence of this has been reported.

Graupel, or snow pellets, may also exhibit some anisotropy, and

resulting depolarization. Hail particles, which have a rough
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spherical symmetry, probably would not cause depolarization.
(McCormick and Hendry-1977).

4,2 MATHEMATICAL FORMULATIONS FOR DEPOLARIZATION

This section presents the mathematical background required to
discuss the effects of the propagation medium characteristics and
antenna performance on signals in dual polarization Earth-space
links. It should enable the system designer to properly interpret
experimental data and assess system performance, considering both
the medium's depolarizing effects on the wave and the wave's
interaction with the antenna system. Most of this development is
from Stutzman (1977).

4.2.1 Specifying the Polarization State of a Wave

In the most general case, the tip of the electric field vector
of a plane electromagnetic wave traces out an ellipse in the plane
perpendicular to the direction of propagation. The polarization
state of the wave is given by specifying the shape and orientation
of the ellipse, along with the sense of rotation of the field
vector. Figure 4.2-1 shows the general polarization ellipse and
defines the notation. The electric field vector E}t) is the
resultant of sinusoidal components Ex(t) and E€y(t) which have
different amplitudes E; and E; and a phase difference o:

- A A
El) = x El) +y E (0

(4.2-1)

i

A A
x E, coswt + y E; cos (wt + d)

where ¥ and 9 are unit vectors in the x and y directions,
respectively, w is the radian frequency, and t is time. The
polarization ellipse is fully described by the angle, 7t , between
the ellipse major axis and the x-axis, and the ratio of the major
and minor axes of the ellipse. This ratio is the magnitude of an

important parameter known as the axial ratio, and is the ratio of
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the maximum to the minimum magnitude of the electric field vector.

The axial ratio's sign 1s assigned to be positive if the vector
rotation has a left-hand sense and negative for rotation with a
right-hand sense: (See Figure 4.2-2.) Linearly polarized waves have
an infinite axial ratio; circularly polarized waves have an axial
ratio r = *1, corresponding to LHCP and RHCP respectively.

It is convenient to define another parameter
€ = cot-1 r ;-45° < ¢ < 45° (4.2~2)

The specifying parameters ¢ and t are related to the quantities used
to describe the fields earlier by

1
£ == sin~1(sin2y sind) (4.2-3)
1
T = E;tanJ (tan2y cosd} (4.2-4)
4 max y-component of —g
where Yoo omn max x-component of £
(4.2-5)

= tan"! (E,/E,)

There are other methods used to specify polarization state
(Stutzman-1977). The Stokes parameter representation is a matrix
formulation. The Poincare sphere is a mapping of polarization
states into points on a unit sphere. The complex polarization
factor is a single number specifying polarization state. All these
various representations are directly relatable to the angles ¢ and T,

or § and ¥.

4.2.2 Wave-Antenna Interaction

The power available (Pr) at the output of an antenna illuminated

by a uniformly polarized incident plane wave of flux density S is
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Figure 4.2-1. Polarization Ellipse
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Pr = S Remp (4.2-6)

where Ao is the effective aperture of the antenna in the direction of
the incident wave, and mp is the polarization mismatch factor. This
factor is a real number between zero and one that depends on the
degree of match of the polarization state of the wave and the
antenna. The polarization state of a receiving antenna is defined
as the state of the wave that the same antenna would transmit, but
with time reversed. (A time-reversal changes the direction of
propagation of a wave but retains the sense of rotation and axial
ratio.) A RHCP incident wave, for example, is perfectly matched to
a RHCP antenna. This means the antenna absorbs the maximum amount
of power from the wave, and mp = 1. A RHCP antenna absorbs no power
from a LHCP wave, and mp = 0. The general expression mp , assuming
arbitrary elliptical polarization states of both the antenna and the

wave, 1is
+ (r 2- 2. -
mo(w.al = o+ 4ryfy + {1y, 2”“5 1) cos 2(1,-1,)
p 2 2012+ Dlrg2+ 1) (4.2-7)
where ra = axial ratio of antenna

ry = axial ratio of wave

Ta = major axis angle of antenna

Tw major axis angle of wave
We consider some examples to confirm that (4.2-7) is plausible:

Antenna RHCP, Wave LHCP

ra = "1’ rw = +l

172 + 4(1)(-1) + (1-1)(1-1) =1/2 - 1/2 =0
2(1+1)(1+1)

mp

Antenna LP, Wave CP
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ra= ooy rw =1

By dividing the numerator and denominator of the second term of
(4.2-7) by r2,, then taking the limit as r =+oo, we find that mp= 1/2,
which is intuitively agreeable.

Antenna LP, Wave LP

Here we divide the numerator and denominator by r2,r2; and pass to
the limit, giving

mp = 1/2 + 1/2 cos 2(ta ~ Ty) = cosZ(ta - Ty) (4.2-8)

This equals one when the orientation of the linear polarization axes
of the antenna and wave are aligned (ts - ty), and equals zero when
the axes are orthogonal (ta-Ty=t90°)

Antenna LP, Wave Elliptically Polarized

ra=°° rw=r

Dividing through by rg and taking the limit as before, we obtain

2 -
mo= 1/2 + 1/2 {r*-1) cos 2(1,-1,,)
202+ 1)

p (4-2.9)

Figure 4.2-3 is a polar plot of mp versus the angle difference ta-1y,
for r=1.5 and 2.

Letting

(Mp)max = Mp for T, Ty (aligned)

(Mp)min = Mp for t1a = Ty + 90° (orthogonal)
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Figure 4.2-3. Polarization Mismatch Factor mp for LP
Antenna and Elliptically Polarized Waves



Some algebra yields

Y2

(m,)
- p’max _
r o (4.2-10)

This is confirmed in Figure 4.2-3.

This formula suggests a technique for measuring the axial ratio
and principal axis orientation of a received wave: The power
received by a linearly polarized antenna (e.g., a dipole) is
measured as the antenna axis is rotated through 180°. The ratio of
the maximum to the minimum received power, assuming a perfect
antenna, is then the square of the axial ratio of the wave, and the
orientation of the wave's principal axis is just the antenna's

orientation when maximum power is measured.

4.2.3 C(Cross Polarization Discrimination (XPD)

Having defined the polarization mismatch factor, we now present
a more useful definition of XPD than that given earlier. Orthogonal
polarization states are defined, in general, to have axial ratios
that are equal in magnitude and opposite in sign (i.e., opposite in
rotation sense), and have polarization ellipses with spatially
orthogonal axes. Vertical/horizontal LP, and RHCP/LHCP are common
examples of orthogonal states. The polarization mismatch factor for
a wave with a given polarization state incident on an antenna that

is matched to the orthogonal state is zero.

It is always possible to decompose a wave into two components
with orthogonal polarization states. An arbitrary wave can be
considered as being composed of a component with a polarization
state matching the antenna, and a second component with the
orthogonal state. The antenna extracts maximum power from the
matched component, but completely rejects the orthogonal component.

The polarization mismatch factor is then seen to be the proportion



of the total flux density impinging on the antenna that is being
carried by the polarization-matched wave component. Denoting the
received wave's polarization state by the index w', and the
antenna's polarization state by w, the antenna output power is

P = SAemp(wl ,W) (4.2-11)

A second antenna with equal effective aperture A but with a
polarization state wp, that is exactly orthogonal to w, gives an

output power
Po = SRemp(w',wo) (4.2-12)
The XPD is the ratio of the orthogonal components of the wave,
XPD = 10log [mp(w',w)/mp(w',wo)] (4.2-13)

assuming that the "w" polarization state is the one the system is
designed to maximize, or the copolarized state. The "w," state is
designated as crosspolarized.

Suppose a LP wave is received, and the copolarized state (w) is
designated as horizonally polarized. Let 1= ty, = the angle of the
received wave with respect to horizonal. For this case,

mp(w',w) = cos2t (4.2-14)
mp(w',wo) = sin2y (4.2-15)
XPD = 10 log (cot2r) (4.2-16)

Assume an elliptically polarized wave is received with axial
ratio ry'= r, and copolar is designated as LHCP. For this case,

1" = +l' rwo = -1 (4.2-17)
1)2
mpww) = (1/2) G (4.2-18)
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(r-1)2

mp (W, we) = H/ﬂ'ﬁ:; (4.2-19)

XPD = 20 log [(r + 1)/(r-1)] (4.2-20)

XPD is plotted versus r for the elliptically polarized case in
Figure 4.2-4. An alternate "axial ratio,"” ARgqp, is shown in the
figure. This is commonly used and is related to r by

ARdB = 20 log Irl (4.2-21)
In terms of this parameter, XPD is closely approximated by
XPD = 24.8 - 20 log (ARdB) , for ARdB < 10 dB (4 2-22)

4.2.4 Effect of Non-Ideal Antenna Performance

The XPD describes the polarization characteristics of a received
wave with respect to some "copolarized" reference. The true XPD
could be measured with an ideal antenna, capable of being matched
exactly to the co- and cross polarized state. Actual antennas are
not ideal. They can be built with outputs that closely approximate
the copolarized and crosspolarized components of the wave, but some
degree of degradation is always present in their performance. Here
we present a method of quantifying the polarization performance of
the antenna and taking this performance into account in interpreting

polarization measurements.

From this point on, the receive antenna polarization states that
are close to the true co- and crosspolarized wave states will be
distinguished from the true states by putting their names within

quotation marks.
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